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Yeast two-hybridphage infection, phage early proteins establish optimal conditions for phage
infection, often through a direct interaction with host-cell proteins. We implemented a yeast two-hybrid
approach for Pseudomonas aeruginosa phages as a ﬁrst step in the analysis of these – often uncharacterized –
proteins. A 24-fold redundant prey library of P. aeruginosa PAO1 (7.32×106 independent clones), was
screened against early proteins (gp1 to 9) of ϕKMV, a P. aeruginosa-infecting member of the Podoviridae;
interactions were veriﬁed using an independent in vitro assay. None resembles previously known
bacteriophage–host interactions, as the three identiﬁed target malate synthase G, a regulator of a secretion
system and a regulator of nitrogen assimilation. Although at least two-bacteriophage infections are non-
essential to ϕKMV infection, their disruption has an inﬂuence on infection efﬁciency. This methodology
allows systematic analysis of phage proteins and is applicable as an interaction analysis tool for P. aeruginosa.
© 2009 Elsevier Inc. All rights reserved.Introduction
Bacteriophages have long been model systems for molecular and
cell biology and are recently being studied for the development of
new antimicrobial components (McGrath et al., 2004). Genomic
analysis of 18 Pseudomonas aeruginosa phages revealed that the
biological function of a major part (82%) of the proteins could not be
inferred from comparison to entries in the databases (Kwan et al.,
2006) and only a limited number of phage proteins in a small number
of phages have been functionally characterized (Kwan et al., 2005;
Pedulla et al., 2003). Phage genes expressed immediately after
infection are hypothesized to be involved in the transition from host
to phage metabolism. Although these genes are often not essential for
phage production, they provide protection from host-cell defense
mechanisms or create optimal “conditions” for phage infection. A
limited number of the early phage proteins are lethal or very
deleterious for the host on recombinant expression (Miller et al.,
2003) and have been used as a source of new antibacterial agents
(Liu et al., 2004). Although many nontoxic early proteins are probably
also implicated in the transition from host to phage metabolism, this
group has been studied less extensively. Several phage early proteinsoucourt).
ll rights reserved.adapt the host-cell metabolism through a direct interaction with a
host protein (Miller et al., 2003).
Identiﬁcation of interaction partners of phage proteins could serve
as the basis for elucidation of this vast pool of uncharacterized
proteins. Yeast two-hybrid, which exploits the modular nature of
transcription factors (Fields and Song, 1989), is a widely applied
technique for the detection of protein–protein interactions. Although
able to detect weak and transient interactions, it suffers from a high
false positive rate. Independent conﬁrmation of the identiﬁed
interactions in combination with modiﬁcations of the yeast two-
hybrid system overcome this limitation (Huang et al., 2007; James
et al., 1996; Legrain et al., 1994; von Mering et al., 2002). Systematic
yeast two-hybrid analysis of interactions among phage proteins is
limited to two phages: bacteriophage T7 (Bartel et al., 1996) and
ϕKMV (Roucourt et al., 2007). Although yeast two-hybrid has been
used to study bacteriophage–host interactions (Odegrip et al., 2000;
Sharma et al., 1999), to our knowledge, no systematic yeast two-
hybrid analysis has been conduced to identify new bacteriophage–
host interactions.
Here, we address this issue for P. aeruginosa-infecting phages by
generation of a yeast two-hybrid genome fragment library of strain
PAO1 and screen it using early proteins of bacteriophage ϕKMV (gp1
to 9). P. aeruginosa phage ϕKMV is a highly virulent Podoviridae
member (Ceyssens et al., 2006; Lavigne et al., 2003). From a genome
Fig. 1. Characterization of the P. aeruginosa prey library inserts. (A) HindIII restriction
analysis of prey library DNA reveals the size distribution of the inserted fragments (lane
2 and 3). Lanes 1 and 4 contain λ PstI marker and 100 bp marker, respectively. Sizes of
some bands are indicated in bp. Because HindIII cuts on both sides of the multiple
cloning site, the large fragment (5963 bp) corresponds to the vector backbone. While
empty prey plasmid also generates a small band (696 bp), plasmids carrying an insert
show a larger second fragment (696 bp+the length of the insert). (B) The arrows
indicate the position of 40 randomly sequenced library clone inserts in the P. aeruginosa
genome (6,264,403 bp).
Table 1
Properties of the yeast two-hybrid interaction analysis of ORF3, 4 and 9
Bait constructs pGBT9-ORF3 pGBT9-ORF4 pGBT9-ORF9
Independent coloniesa 1.1×107 1.4×107 5.7×105
Positive coloniesb 18 19 8 (2)c
Interaction partner PA1665 PA4466 PA0482
Overlapping fragments 7 9 2
Interaction domaind 146 to 247 (397) 2 to 90 (90) 474 to 706 (725)
Conﬁrmatory drop test
Original orientation Speciﬁc Speciﬁc Speciﬁc
Opposite orientation Not determinede Speciﬁc Speciﬁc
a The number of independent colonies generated during prey library screening is an
indication of prey library coverage.
b Positive yeast colonies are able to activate all three reporter constructs (HIS3, ADE2
and MEL1).
c Only 2 out of 8 clones showed a reproducible interaction.
d The interaction domains correspond to theminimal part of the protein (the number
of amino acids is shown between parentheses) covered by the overlapping prey
fragments identiﬁed by yeast two-hybrid.
e When used as a bait self-activation by PA1665 prevented testing the opposite
orientation.
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three clearly deﬁned functional gene clusters: the early, middle and
late genes. Although the ϕKMV structural proteins and several
enzymes have been studied (Lavigne et al., 2005; Lavigne et al.,
2006), its small early proteins show no similarity to known proteins
and are only partially conserved among ϕKMV-like phages (Ceyssens
et al., 2006). Gp3 is the only conserved early protein among a broader
range of P. aeruginosa phages: in LKD16, LKA1 (Ceyssens et al., 2006),
LUZ19 (personal communication P. Ceyssens), PaP3 and LUZ24
(Ceyssens et al., 2008; Tan et al., 2007).
Results
Construction of the random genomic fragment library of P. aeruginosa
Random fragments of the P. aeruginosa PAO1 genome
(6,264,403 bp; NC_002516) (Stover et al., 2000) were inserted into
yeast two-hybrid prey vector pGAD424. In-frame fusion of a coding
sequence of P. aeruginosa in pGAD424 attaches a partial or full length
P. aeruginosa protein to the C-terminal end of the Gal4p activation
domain (AD). The yeast two-hybrid prey library consisted of 9.94×106
independent transformants, approximately 73.6% (7.32×106) of
which contained an insert. HindIII restriction analysis of a fraction of
the library plasmids (Fig. 1A) shows a broad distribution of the insert
length in the pGAD424 prey plasmid, since it varied from 200 bp up to
more than1000 bp. DNA sequence analysis of 40 randomly picked prey
plasmids veriﬁed that all inserts originated from P. aeruginosa PAO1,
were rather randomly distributed across the genome (Fig.1B) and that
inserts had an average size of 571 bp (±325 bp).
In the case of an average fragment size of 571 bp, approximately
50,000 independent clones sufﬁce (p=0.01) to cover the P. aeruginosa
genome at least once (Clarke and Carbon, 1976). Taking both the
correct reading frame fusion between the Gal4p AD and the inserted
coding sequence, and the insert percentage of the library (73.6%) into
account, the required size increases to approximately 410,000
independent colonies. The random genomic fragment library pre-
sented here contains 24-times more independent colonies.
Identiﬁcation of phage–host interactions using yeast two-hybrid
interaction analysis
Bait constructs pGBT9-ORF1 to 9 (Roucourt et al., 2007) result in a
fusion between the Gal4p DNA-binding domain (DBD) and thecorresponding ϕKMV (NC_005045) early proteins. Prior to yeast
two-hybrid interaction analysis, each bait construct was tested for
self-activation. None of the constructs resulted in this autonomous
activation of the reporter constructs (results not shown).
To identify bacteriophage–host interactions involving gp1 to 9 of
bacteriophage ϕKMV, each bait construct was combined with the P.
aeruginosa PAO1 fragment prey library in nine independent large
scale experiments. For each screening procedure the prey plasmid
was isolated from all clones able to activate the three reporter
constructs (HIS3, ADE2 and MEL1) and the insert was identiﬁed by
DNA sequencing. The potential interactions were veriﬁed by
reintroducing the bait and selected prey plasmids in AH109.
Additionally, the coding sequences inserted in the bait and prey
vector were switched to test the interactions in the opposite
orientation. The incorporation of negative controls allowed identi-
ﬁcation of non-speciﬁc interactions.
Three out of nine baits generated a reproducible interaction with
a P. aeruginosa protein. Gp3, gp4 and gp9 interacted with PA1665
(a hypothetical protein, NP_250356), PA4466 (a presumed phos-
pocarrier protein, NP_253156) and PA0482 (malate synthase G,
NP_249173), respectively. Table 1 summarizes the results speciﬁc
for each of the yeast two-hybrid analyses. Identiﬁcation of
overlapping fragments for each prey protein allowed delineation
of the interaction domain (Fig. 2). Drop tests conﬁrmed the
speciﬁcity of the HIS3 and ADE2 reporter construct activation for
all three interactions, since combination of the prey with negative
controls pGBT9 (encoding only the Gal4p DBD) and pGBT9-GPA1
(encoding the fusion product of Gal4p DBD andGpa1 of Saccharomyces
cerevisiae) did not result in cell growth (Fig. 3). For gp4 and gp9 the
yeast two-hybrid interaction was also conﬁrmed in the opposite
orientation by switching bait and prey. Again interactions proved to be
speciﬁc because combination with negative controls pGAD424 and
pGAD424-GPA1 showed no cell growth (Fig. 3). However, testing the
opposite orientation for gp3 with PA1665 was impossible because of
self-activation by PA1665 when used as bait (Supplementary Fig. 1).
Fragments PA1665_A, PA4466_D and PA0482_A (Fig. 2) were used for
the conﬁrmatory drop tests.
Independent conﬁrmation of the identiﬁed phage–host interactions
To independently conﬁrm the identiﬁed bacteriophage–host
interactions, the proteins involved – the bacteriophage protein as
well as its identiﬁed interaction partner in the host cell – were
recombinantly produced. Early proteins gp3, 4 and 9 of bacteriophage
ϕKMV with an E and His6-tag fused to the C-terminus were produced
Fig. 2. Overview of the prey protein fragments identiﬁed for each interaction: (A) gp3 with PA1665, (B) gp4 with PA4466 and (C) gp9 with PA0482. While the thick black line is a
linear representation of the prey proteins, the dark grey lines show the position of the identiﬁed fragments in the prey protein. The start and end point of the prey fragments are
indicated by the residue number. A negative value corresponds to a prey protein fragment starting before the ﬁrst amino acid of the protein. The minimal interaction domain and
predicted domains (inferred from CD search (Marchler-Bauer and Bryant, 2004) for PA1665 and PA4466 or from Smith et al. (2003) for PA0482) are indicated by grey boxes. The dark
grey box for PA0482 gives the position of the catalytic loop of the enzyme.
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from E. coli cleared cell lysate. All three proteins could be puriﬁed
under native condition using the His6-tag. The observed molecular
weight of gp3-E-His6 and gp9-E-His6 (Supplementary Fig. 2) could
be slightly higher than the predicted molecular weight (Table 2).
The P. aeruginosa proteins identiﬁed in the yeast two-hybrid
interaction analyses were fused to the C-terminal end of glutathione
S-transferase (Gst). While for PA4466 the whole protein was
utilized, the identiﬁed interaction domain delineated by the yeast
two-hybrid analyses was used for PA1665 and PA0482 (Table 2
summarizes the details of the constructs). Like the ϕKMV proteins,
the P. aeruginosa proteins were produced by recombinant techni-
ques and puriﬁed from E. coli cleared cell lysate. All three fusion
proteins could be puriﬁed under native conditions using the Gst-tag.
Their molecular weight was similar to the predicted weight (Table 2,
Supplementary Fig. 3).
In the in vitro interaction assay the ϕKMV proteins (bait) were
immobilized using their His6-tag. Binding of the P. aeruginosa proteins
(prey) was monitored with anti-Gst antibodies. A ﬁxed amount of
immobilized ϕKMV proteinwas combinedwith a dilution series of the
accompanying interaction partner. The amount of bait was optimized
for each interaction assay (Supplementary Fig. 4). Combination of bait
protein with Gst and prey protein with E-His6 served as negative
control to exclude non-speciﬁc binding of both the bait to Gst or
proteins in general and the prey to the plastic, respectively (Fig. 4).
For all three interactions the signal generated by combination of
bait and prey was signiﬁcantly higher (0.08, 0.12 and 0.12 ng or
more of Gst-PA1665, Gst-PA4466 and Gst-PA0482 caused signiﬁ-cant differences, pb0.01 in a one tailed Student's t-test) than the
combinations including a negative control (bait with Gst or prey
with E-His6) (Fig. 4). Combination of Gst-PA0482m with E-His6
shows slightly higher signal than the other negative controls,
probably due to some plastic binding activity. Experiments were
conducted in triplicate.
A second setup, testing each prey against all three bacteriophage
proteins (gp3-E-His6, gp4-E-His6 and gp9-E-His6) allowed detailed
assessment of the interaction speciﬁcity (Fig. 5). To allow some
comparison between different interactions, 150 ng of each bait
protein was immobilized in this setup. The immobilized phage
protein was combined with a dilution series of the prey proteins, all
starting from 10 ng. Only the identiﬁed interactions (combination of
gp3-E-His6 with Gst-PA1665, of gp4-E-His6 with Gst-PA4466 and
gp9-E-His6 with Gst-PA0482) showed signal above background level
(Fig. 5). The signal generated by other combinations was low (Fig. 5)
and corresponded well to the signals of the negative controls used in
the ﬁrst setup (Fig. 4). Combination of gp3-E-His6 with Gst-PA1665
resulted in the highest signal. Although the signal generated by gp9-
E-His6 with Gst-PA0482 was higher than that of gp4-E-His6 with Gst-
PA4466, it dropped faster (Fig. 5).
Inﬂuence of expression of ϕKMV genes on the host cell and inﬂuence
of deletion of host genes on ϕKMV infection
ϕKMV ORF3, 4 and 9 were cloned into IPTG-inducible expression
vector pUC18-mini-Tn7T-LAC (Choi et al., 2005) and expressed in P.
aeruginosa PAO1. Successful expression of ORF3 and 9 (tested under
Fig. 3. Yeast two-hybrid interaction analysis retest of the identiﬁed interactions: (A) gp3 with PA1665, (B) gp4 with PA4466 and (C) gp9 with PA0482. Except for gp3 with PA1665,
interactions are tested in both orientations. Bait (pGBT9-X) and prey (pGAD424-Y) constructs are indicated. Combinations with GPA1 and empty vector serve as negative control. The
left panel (SD-WL, selection for the presence of the bait and prey vector) shows the transformation efﬁciency. The middle (SD-WLH, additional selection for histidine prototrophy)
and right panel (SD-WLHA, additional selection for adenine prototrophy) show selection for HIS3 and simultaneous HIS3 and ADE2 reporter construct activation, respectively.
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tion compared to the negative controls (P. aeruginosa PAO1 containing
the empty vector). The optical density of the strain expressing ORF4
was slightly reduced but only after overnight induction (Supplemen-
tary Fig. 5).
The ORFs encoding PA1665, PA4466 and PA0482 (the interaction
partners of gp3, 4 and 9, respectively) were deleted using double
homologous recombination (Hoang et al., 1998). The deletionmutants
(PAO1 ΔPA1665, PAO1 ΔPA4466 and PAO1 ΔPA0482) were infected
with ϕKMV (MOI=1). Infection of a culture of P. aeruginosa PAO1
(PAO1wt) was characterized by an initial rise in optical density
(OD600=0.65) until approximately 100' after addition of ϕKMV. This
was followed by a sharp decrease (cell lysis) until a base level
(OD600=0.06) was reached (Fig. 6). Infection of PAO1 ΔPA1665
closely resembles that of PAO1wt. Infection of PAO1 ΔPA4466 showedTable 2
Constructs used for recombinant production of bacteriophage ϕKMV and P. aeruginosa prot
Construct name Description
pQE-EC IPTG-inducible expression vector, His6 and E-tag fused to C-term
pQE-EC-ORF3 pQE-EC with ORF3 of ϕKMV inserted
pQE-EC-ORF4 pQE-EC with ORF4 of ϕKMV inserted
pQE-EC-ORF9 pQE-EC with ORF9 of ϕKMV inserted
pGEX-6P-1 IPTG-inducible expression vector, Gst fused to the N-terminus of
pGEX-6P-1-PA0482 pGEX-6P-1 with ORF coding for aa 474 to 706 of PA0482 of P. aer
pGEX-6P-1-PA1665 pGEX-6P-1 with ORF coding for aa 146 to 247 of PA1665 of P. aer
pGEX-6P-1-PA4466 pGEX-6P-1 with ORF coding for PA4466 of P. aeruginosa inserted
a The predicted molecular weight of the expression products.
b The amount of recombinant fusion protein puriﬁed per liter of cell culture.
c For Gst-PA0482 and Gst-PA1665 the interaction domain identiﬁed in the yeast two-hyba faster increase in optical density (up to OD600=0.72) and a slightly
delayed lysis (10'). For infection of PAO1 ΔPA0482, lysis onset was
delayed 70' compared to wild type infection, the drop in optical
density was less steep and lysis was incomplete. In the absence of
infection, PAO1 ΔPA0482 showed reduced growth rate, whereas the
other strains were similar to PAO1wt (Fig. 6).
Discussion
Bacteriophage–host interactions were identiﬁed using a yeast two-
hybrid prey library of P. aeruginosa PAO1. This random genomic
fragment library consisted of 7.32×106 independent clones with
insert, which is sufﬁcient for a 24-fold redundancy. The high
redundancy of the library is also illustrated by the overlap of prey
fragments identiﬁed by the yeast two-hybrid analyses (Fig. 2). Theeins and results of recombinant production
Product MW (in kDa)a Amount (in mg/l)b




the protein Gst 20.5 28.4
uginosa inserted Gst-PA0482c 38.1 14.1
uginosa inserted Gst-PA1665c 36.9 2.9
Gst-PA4466 55.3 4.3
rid analyses was used in stead of the full-length protein.
Fig. 4. In vitro interaction analysis for conﬁrmation of the identiﬁed interactions: (A) gp3-E-His6 with Gst-PA1665m, (B) gp4-E-His6 with Gst-PA4466 and (C) gp9-E-His6 with Gst-
PA0482m. Interaction of gpX-E-His6 with Gst-Y (dark grey blocks) is compared with negative controls gpX-E-His6 with Gst (black dots) and E-His6 with Gst-Y (light grey triangles).
The amount of prey protein is indicated in the X-axis. The Y-axis shows the absorbance measured at a wavelength of 415 nm (A415). The panels on the right provide a detailed view of
the low range absorbance (A415b0.1). The error bars correspond to the standard deviation.
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aeruginosa proteins offers several advantages towards detection of
interactions. After all, not every fusion protein is produced or folded
correctly and the detrimental effect of some peptides or protein
domains, like export signals or membrane embedded domains, can be
avoided. Additionally, the use of a randomly generated highly complex
library minimizes underrepresentation of the amino-terminus of
proteins, which is often the most poorly represented region in yeast
two-hybrid prey libraries (James et al., 1996). This, in combination
with a low tomedium level expression of the hybrid proteins from the
yeast two-hybrid vectors (Legrain et al., 1994) and selection for three
independent reporter constructs, results in a selective but at the same
time sensitive interaction analysis tool (James et al., 1996). The high
redundancy of the yeast two-hybrid prey library also allows the
delineation of interaction domains on the identiﬁed interaction
partner, which can offer additional clues towards unraveling the
function of the interaction.In total, three bacteriophage–host interactions were identiﬁed
using yeast two-hybrid interaction analysis (Fig. 2) and subsequent
retesting (Fig. 3): gp3 with PA1665, gp4 with PA4466, and gp9 with
PA0482. Since yeast two-hybrid, like other techniques to study
protein–protein interactions, can generate false positives (Huang et
al., 2007), the identiﬁed interactions were conﬁrmed independently
with two in vitro interaction assays. The ﬁrst assay conﬁrmed the
interactions (Fig. 4), whereas the second setup demonstrated the
speciﬁcity of the interactions (Fig. 5).
Although the growth of P. aeruginosa strain expressing ORF4 was
slightly reduced at higher optical densities, none of the phage early
genes (ORF3, 4 and 9) caused a serious growth defect upon expression
in P. aeruginosa PAO1 (Supplementary Fig. 5). Since ϕKMV is able to
infect PAO1 ΔPA0482, PAO1 ΔPA1665 and PAO1 ΔPA4466, the cor-
responding host proteins are nonessential to ϕKMV infection under
the standard laboratory conditions investigated here. While deletion
of the ORF encoding PA1665 (PAO1 ΔPA1665) does not have a visible
Fig. 5. In vitro assessment of the interaction speciﬁcity of the identiﬁed interactions.
(A) Dilution series Gst-PA1665m, (B) Gst-PA4466 and (C) Gst-PA0482m are
combined with three immobilized bait proteins being gp3-E-His6 (light grey
triangles), gp4-E-His6 (black dots) and gp9-E-His6 (dark grey blocks). The amount
of prey protein is indicated in the X-axis. The Y-axis shows the absorbance measured
at a wavelength of 415 nm (A415).
Fig. 6. Infection of P. aeruginosa PAO1 deletion mutants with ϕKMV. P. aeruginosa PAO1
wild type, and deletion mutants PAO1 ΔPA1665, PAO1 ΔPA4466 and PAO1 ΔPA0482 are
indicated by green triangles, yellow diamonds, red circles and blue squares. The optical
density (at 600 nm) of uninfected cultures (conducted in threefold, ﬁlled symbols) and
infected cultures (conducted in ﬁvefold, open symbols) is shown in the Y-axis. The time
post infection is given in the X-axis (in hours). The error bars correspond to the
standard deviation. The latent period of ϕKMV in wild type PAO1 is 35 min under these
conditions, but lysis of a culture is delayed by slow adsorption (Ceyssens et al., 2006).
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and PAO1 ΔPA0482 is altered (Fig. 6). The apparent reduced
efﬁciency of infection could be a result of a prolonged latent period
and/or a reduction in burst size (Wang, 2006). The slightly
reduced infection efﬁciency in the absence of PA4466 suggests
that this host protein is not inhibited by gp4 during infection. After
all, inhibition should cause a similar effect as deletion. The absence
of PA0482 seriously impairs infection indicating PA0482 is probably
also not inhibited during ϕKMV infection. Although inﬂuencing the
infection efﬁciency, both bacteriophage–host interactions are non-
essential to ϕKMV infection. Deletion of the ORF encoding PA1665
did not have any visible effect on ϕKMV infection. Therefore,
PA1665 could be inhibited by gp3 during infection. Alternatively,
the bacteriophage–host interaction between gp3 and PA1665 might
not have any inﬂuence under the laboratory conditions tested here.
Since these experiments depend on deletion mutants of the host
strain, we cannot exclude whether a reduced ﬁtness of the host
strain is responsible for the difference in ϕKMV infection. However,for PAO1 ΔPA1665 and PAO1 ΔPA4466 there is no indication for
reduced ﬁtness of the cells. PAO1 ΔPA0482, on the other hand,
shows a reduced growth rate compared to the other strains (Fig. 6). In
the future, a detailed assessment of the latent period and burst
size of ϕKMV infecting these deletion mutants, the infection with
ϕKMV ORF3, 4 and 9 deletion mutants and the infection of strains
overexpressing the targeted host genes will contribute to a more
detailed understanding of the inﬂuence of these bacteriophage–
host interactions on the infection cycle of ϕKMV.
None of the identiﬁed interactions resembles previously known
bacteriophage–host interactions. Gp3, the largest (177 aa) and most
widely conserved ϕKMV early protein, interacts with PA1665. The
genomic context of this nonessential hypothetical protein (Jacobs et
al., 2003; Stover et al., 2000) together with the prediction of a
forkhead-associated domain (Fha-domain, residues 25 to 107 (Pallen
et al., 2002)) suggests that it is involved in signal transduction and
phosphorylation dependent regulation, possibly of an orthologue of
the Hcp secretion island II pathway (Das and Chaudhuri, 2003;
Mougous et al., 2006; Pallen et al., 2002). The Fha-domain is not
comprised in the identiﬁed interaction domain (Fig. 2A). The
interaction partner of gp4, nonessential hypothetical protein PA4466
(Jacobs et al., 2003; Stover et al., 2000), shows strong homology to Npr
(84% of the amino acids identical to NPr of P. putida KT2440,
NP_743109). Npr is the phosphoryl carrier protein of a paralogous
phosphoenolpyruvate phosphoryltransferase system (PTSNtr), which
is implicated in regulation of the nitrogen assimilation and links the
carbon and nitrogen metabolism (Powell et al., 1995). The identiﬁed
interaction domain comprises all but the ﬁrst amino acid (Fig. 2B)
indicating that probably the whole structural core of Npr is
necessary for interaction with gp4. The inﬂuence of gp3 and gp4
on the phosphorylation status of these proteins could provide an
insight into their function. Malate synthase G (PA0482), the
interaction partner of gp9, condenses acetyl CoA with glyoxylate
to form malate (Wong and Ajl, 1956) as part of the anaplerotic
glyoxylate bypass of the tricarboxylic acid cycle (Kornberg and
Krebs, 1957). Based on homology with the experimentally char-
acterized malate synthase G of Mycobacterium tuberculosis CGC1551
(69% amino acids identity), the identiﬁed interaction domain
(residues 474 to 706) includes the catalytic loop (residues 614 to
631) and parts of the glyoxylate and acetyl CoA binding pockets
(Smith et al., 2003) (Fig. 2C). The position of the interaction domain
suggests that gp9 may inﬂuence the enzymatic activity of malate
56 B. Roucourt et al. / Virology 387 (2009) 50–58synthase G. As discussed above, infection of deletion mutant PAO1
ΔPA0482 indicates an effect different from the inhibition of
enzymatic activity. Since malate synthase G is an essential part of
the glyoxylate bypass, altered malate synthase activity could
inﬂuence the tricarboxylic acid cycle and as a consequence the
energy metabolism of the cell. Therefore, the interaction of gp9 with
malate synthase G may serve as an entry point of ϕKMV to alter the
host-cell energy metabolism and possibly inﬂuence the efﬁciency of
phage production under speciﬁc conditions.
From a biological point of view the identiﬁed phage–host
interactions provide a ﬁrst hint towards the function of gp3, 4 and
9, which in turn could lead to a better understanding of the early
stages of ϕKMV infection cycle. In view of the high false negative
ratio in interaction analysis — yeast two hybrid might only detect
one interaction out of six (Huang et al., 2007), the repertoire of
bacteriophage–host interactions in ϕKMV is probably not limited to
the three interactions presented here. The nonessential nature of
the at least two bacteriophage–host interactions corresponds to
other observations that many phage early genes can be deleted
under laboratory conditions (as mentioned in reviews in Miller
et al., 2003; Molineux, 2005). The absence of host lethality upon
expression of the phage genes again shows that bacteriophage–
host interactions are not restricted to the inhibition of essential
host-cell functions. Taken together, our data support the already
existing concept that many phage early proteins are involved in
bacteriophage–host interactions. Probably, only a fraction of the
bacteriophage–host interactions inhibit essential host-cell functions
(Liu et al., 2004). Many phage early proteins might be involved in
ﬁne tuning the host metabolism, whereas others are only necessary
under speciﬁc environmental conditions (Hirsch-Kauffmann et al.,
1975) or to infect speciﬁc host (Bair et al., 2007; Huber et al.,
1988). Since none of the interactions identiﬁed in this study
resembles known bacteriophage–host interactions, early proteins
have the potential to target a wide variety of host proteins and
processes as suggested by some examples (Depping et al., 2005;
Robertson and Nicholson, 1992; Robertson et al., 1994). Although
speciﬁc examples conﬁrm this concept, its general legitimacy and
diversity remain to be conﬁrmed.
The methodology presented here allows a high-throughput and
systematic analysis of uncharacterized proteins of bacteriophages
involved in bacteriophage–host interactions. By providing functional
hints it creates new opportunities for experimental characterization
of this vast pool of proteins. Given the versatility of bacteriophage–
host interactions and the complex nature the host cell metabolism,
interaction analysis does not provide a clear-cut answer to the direct
inﬂuence of the bacteriophage protein on the targeted protein and
the infection cycle. However, when combined with the speciﬁc
determination of clear-cut genotype–phenotype relationships, this
tool has the potential to contribute to general understanding of
bacteriophage early proteins and bacteriophage–host interacts,
though. Elucidation of bacteriophage–host interactions – and
virus-host interactions in general – will contribute to a better
understanding of the infection cycle of bacteriophages and other
viruses (Maxwell and Frappier, 2007). In addition, the yeast two-
hybrid library, together with the identiﬁcation and conﬁrmation
procedure outlined here could also serve as a widely applicable
interaction analysis tool for P. aeruginosa, an important opportunis-
tic and multi-drug resistant human pathogen (Giamarellou, 2002;
Hancock and Speert, 2000).
Materials and methods
Cloning procedures
ORFs encoding bacteriophage ϕKMV proteins gp1 to 9 and P.
aeruginosa ORFs identiﬁed in yeast two-hybrid interaction analysiswere cloned in expression vectors pQE-EC (Lavigne et al., 2004) and
pGEX-6P-1 (GE Healthcare). Puriﬁed genomic ϕKMV DNAwas used as
a template for PCR ampliﬁcation (Pfu polymerase, Stratagene) of ORF1
to 9 of ϕKMV using ORF speciﬁc forward and reverse primers
containing a BglII restriction site in the 5′ tail. BglII (Roche) digested
PCR products were inserted in the BamHI (Roche) site of the pQE-EC
vector fusing an E-tag (GAPVPYPDPLEPR peptide, GE Healthcare) and
a His6-tag to the C-terminus of the phage protein (Table 2).
The partial or full length P. aeruginosa ORFs were PCR ampliﬁed
(HotStar Taq, Qiagen) using ORF speciﬁc forward and reverse
primers containing an EcoRI (Roche) and a SalI (Roche) or a NotI
(Roche) restriction site in the 5′ tail, respectively. Genomic DNA of
P. aeruginosa PAO1 was used as template. PCR fragments were
inserted in the corresponding restriction sites of the pGEX-6P-1
vector (Table 2). Coding fragments were swapped from yeast two-
hybrid prey vector pGAD424 (Matchmaker I system, BD Bioscience)
to yeast two-hybrid bait vector pGBT9 (Matchmaker I system, BD
Bioscience) by EcoRI and BamHI digestion of the fragment contain-
ing vector, followed by gel extraction (Qiagen) of the fragment and
its insertion in the prey vector. All constructs were veriﬁed by DNA
sequencing on an ABI 3130 capillary sequencing device using BigDye
chemistry (Applied Biosystems). Yeast two-hybrid bait and prey
vector containing the bacteriophage genes ORF1 to 9 were
constructed previously (Roucourt et al., 2007).
Library construction
50 μg genomic DNA of P. aeruginosa strain PAO1 (puriﬁed on
Nucleobond AX, Macherey-Nagel) was fragmented randomly using
nebulization (1.5 bar for 5×30 s, Micro-Neb Nebulizer, Lifecare
Hospital Supplies). After puriﬁcation (QIAQuick PCR puriﬁcation
Kit, Qiagen), end repair (T4 DNA polymerase and Klenow
polymerase, New England Biolabs) and phosphorylation (Polynu-
cleotide kinase, NEB), the fragments were inserted (T4 DNA ligase,
Promega) into the SmaI (Roche) site of yeast two-hybrid prey
vector (pGAD424). Ligation mixture (100 ng of prey vector per
transformation) was transferred to electrocompetent E. coli XL-1
Blue MRF' cells (Stratagene). The insert percentage was examined
using colony PCR with ﬂanking randomly picked prey plasmids
were identiﬁed by DNA sequencing using the same primers. The
colonies were pooled and used for large scale plasmid isolation
(Plasmid Maxi Kit, Qiagen).
Yeast two-hybrid interaction analysis
S. cerevisiae strain AH109 (AH109, BD Bioscience), which has
HIS3, ADE2, MEL1, and lacZ reporter constructs, was used for yeast
two-hybrid interaction analysis. Self-activation of the reporter
constructs by the bait proteins was examined by transforming bait
vectors together with an unrelated prey construct (pGAD424-GPA1)
to AH109 as described by Gietz et al. (1995). For highly efﬁcient
library scale transformation, AH109 cells already containing the bait
construct were transformed with the prey library constructs using a
modiﬁed protocol (Woods and Gietz, 2001). After transformation,
yeast cells were grown on synthetic deﬁned minimal medium (SD)
containing 0.67% w/v yeast nitrogen base without amino acids
(Formedium, UK) supplemented with all necessary amino acids and
nitrogenous bases (40 mg/l Ade, 50 mg/l Arg, 80 mg/l Asp, 20 mg/l
His, 50 mg/l Ile, 100 mg/l Leu, 50 mg/l Lys, 20 mg/l Met, 50 mg/l
Phe, 100 mg/l Thr, 50 mg/l Trp, 50 mg/l Tyr, 20 mg/l Ura and
140 mg/l Val). Omission of Trp, Leu, His and Ade allowed selection
for the bait and prey vector, HIS3 and ADE2 reporter construct
activation, respectively. To obtain solid medium 20 g/l agar (LabM,
UK) was added. 0.5 mM 3-Amino-1,2,4-triazole (Sigma, USA) and
40 mg/l 5-bromo-4-chloro-3-indoyl-α-D-galactopyranoside (X-α-
gal, Apollo Scientiﬁc, UK) in the medium were added to inhibit
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for α-galactosidase activity (MEL1 reporter construct activation),
respectively. Colonies were counted after 5 days incubation at
30 °C.
After library scale transformation to AH109, transformants were
selected for His prototrophy, positive colonies were picked up,
arrayed in a 96 well-format and again selected for His prototrophy.
After 5 days the arrayed colonies were replica plated to medium
selecting for His and Ade prototrophy and X-α-galactosidase activity
and again incubated for 5 days at 30 °C. For retests, combinations of
the bait and prey constructs were cotransformed to fresh AH109
cells and spotted on selective medium in twofold dilution series.
Apart from determination of transformation efﬁciency, both His
prototrophy and the combination of His and Ade prototrophy were
selected for.
Identifying preys selected by yeast two-hybrid interaction analysis
Prey plasmids from AH109 transformants able to activate all
reporter constructs (HIS3, ADE2 and MEL1 conferring His+ and Ade+
prototrophy and X-α-gal activity, respectively) were isolated using a
modiﬁed protocol for the QIAprep spin miniprep Kit (Qiagen). Prior
to the standard protocol for miniprep isolation the yeast cell wall
was degraded using yeast lytic enzyme (ECN Biochemicals).
Transformation of E. coli strain KC8 (His, Leu and Trp auxotroph;
BD Biosciences), followed by plating cells on M9 minimal medium
lacking Leu, was used to rescue the prey plasmids. After prey
plasmid isolation using QIAprep spin miniprep Kit, the inserted
genomic fragment of P. aeruginosa PAO1 was identiﬁed by DNA
sequence analysis as described previously. Amino acid sequence
similarity (BlastP analysis at http://www.ncbi.nlm.nih.gov/blast/
Blast.cgi) (Altschul et al., 1997), ‘Conserved Domains’ (CD search)
(Marchler-Bauer and Bryant, 2004) and ‘Cluster of Orthologous
Groups of Proteins’ (Tatusov et al., 1997) of the prey proteins,
together with their possible function in P. aeruginosa using Pseudo-
Cap (Winsor et al., 2005) at http://www.pseudomonas.com and
Systomonas (Choi et al., 2007) at http://www.systomonas.de, were
examined subsequently.
Recombinant expression and protein puriﬁcation
Recombinant bacteriophage proteins with an E-tag and a His6-tag
fused to the C-terminus were produced by overexpressing the
corresponding ORFs (as outlined in Table 2) in E. coli WK6 cells
grown by inducing with 1 mM isopropyl-β-D-thiogalactopyranoside
(IPTG, Fermentas) for 18 h at 16 °C. For P. aeruginosa proteins fused
to the C-terminus of Gst, E. coli BL21 cells harboring the
corresponding constructs were induced with 0.1 mM (IPTG) for
4 h at 37 °C. For recombinant expression, 2xTY medium (16 g/l
tryptone (Lab M Limited), 10 g/l yeast extract (Lab M Limited) and
5 g/l NaCl (Acros organics)) was used (Table 2).
Lysate preparation and protein puriﬁcation with Ni-NTA agarose
beads (Qiagen) orMicroSpin GST puriﬁcationmodule (GE Healthcare)
for recombinant bacteriophage and P. aeruginosa proteins, respec-
tively, were performed as described by the manufacturer. Recombi-
nant expression, protein solubility and puriﬁcation were assessed by
SDS-PAGE with the LMW marker (GE Healthcare) as a standard
followed by Coomassie staining.
In vitro interaction analysis
Bacteriophage His6-fusion proteins were immobilized on Ni-NTA
HisSorp Plates (Qiagen) from cleared cell lysates diluted with PBS
(10 mM phosphate, 0.14 M NaCl and 2.7 mM KCl; pH 7.3). After
incubation (2 h) the wells were washed four times with PBST (PBS
with 0.1% v/v Tween added) and four times with PBS. P. aeruginosaproteins fused to the Gst-tag were added. After incubation (2 h) and
washing, bound P. aeruginosa proteins were detected with horseradish
peroxidase-conjugated anti-Gst antibodies (1 h incubation followed
by washing). Absorbance at 415 nm (A415) was measured (Microplate
reader model 680, Biorad) after 15 min incubation with ABTS
Microwell Peroxidase Substrate System (KPL). For a ﬁrst approach
the amount bait protein immobilized per well was optimized (75, 200
and 300 ng for ORF3-E-His6, ORF4-E-His6 and ORF9-E-His6, respec-
tively). In a second approach, 200 ng was immobilized for all bait
proteins.
Expression of ϕKMV early genes in P. aeruginosa
ϕKMV ORF3, 4 and 9, the ribosome binding site and the E-His6-tag
were ampliﬁed by PCR using the pQEEC constructs as template. After
PstI and KpnI restriction, the fragments were inserted in linearized
and dephosphorylated pUC18-mini-Tn7T-LAC vector (Choi et al.,
2005). The IPTG-inducible expression cassette was inserted in the P.
aeruginosa PAO1 genome as described by Choi and Schweizer (2006).
Expression was induced (1 mM IPTG) at an optical density of
OD600=0.6. Subsequently, the optical density was followed under
standard laboratory conditions (LB broth at 37 °C) and compared to
the negative control, a P. aeruginosa PAO1 strain carrying an empty
expression cassette.
Construction and investigation of P. aeruginosa deletion mutants
To delete the P. aeruginosa PAO1 genes involved in bacteriophage–
host interactions, the 5′ and 3′ ﬂanking regions of the targeted genes
were PCR ampliﬁed using the P. aeruginosa PAO1 genome as template.
After EcoRI/BamHI and BamHI/HindIII restriction, the fragments were
inserted in EcoRI/HindIII digested and dephosphorylated pEX18Ap
(Hoang et al., 1998). Subsequently, the gentamicin resistance cassette
obtained from BamHI-digested pPS856 was inserted between the 5′
and 3′ fragments cloned in pEX18Ap. This procedure creates gene
targeting constructs, in which the gentamicin resistance cassette is
ﬂanked by the 5′ and 3′ ﬂanking regions of the targeted genes. The
targeted genes were deleted by double homologous recombination
using these constructs as described by Hoang et al. (1998). Subse-
quently, the gentamicin gene, which is ﬂanked by FRT sites, was
removed to create unmarked deletion mutants (Choi and Schweizer,
2005; Hoang et al., 1998). The deletion mutants were grown to an
optical density OD600=0.4, and subsequently infected with ϕKMV at
a multiplicity of infection of one under standard laboratory conditions
(LB broth at 37 °C). The optical density was followed over time and
compared to the negative control (uninfected cells). The apparently
slow infection by ϕKMV is due to its slow adsorption to the host cells
(Ceyssens et al., 2006).
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